Introduction
============

Chronic kidney disease (CKD) is a long-term condition characterized by loss of renal function over time leading to kidney failure and to end-stage renal disease (ESRD), the last stage of CKD. The main causes of CKD are diabetes, hypertension, vascular disease, glomerular disease (primary or secondary), cystic kidney disease, tubule interstitial disease, urinary tract obstruction or dysfunction, recurrent kidney stone disease, congenital defects of the kidney or bladder, unrecovered acute kidney injury (AKI) and elderly [@B1], [@B2]. The growing prevalence of CKD is associated with the increasing aging of populations. These patients have high morbidity and mortality rates that are mainly due to cardiovascular disease (CVD) events [@B3], [@B4]. ESRD patients under hemodialysis (HD) have even higher morbidity and mortality rates. Inflammation, dyslipidemia, as well as disturbances in erythropoiesis, iron metabolism, endothelial function and in nutritional status, are common features in ESRD patients [@B5]. The chronic inflammation in patients with ESRD under hemodialysis has been associated with an imbalance between oxidant and anti-oxidant mechanisms, neutrophil activation with release of reactive oxygen species (ROS) and release of granule content, namely, neutrophil serine proteases (NSPs), such as neutrophil elastase (NE); and to activation of inflammatory cells through stimulation of cytokines by the released inflammatory products [@B6]-[@B10]. The inflammatory process and the development of oxidative stress are two main factors for worsening of anemia and to increase the risk for cardiovascular events [@B11]-[@B13]. The uremic toxins, including inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-18), chemokines (IL-8), adipokines (adiponectin, resistin and leptin) and anti-inflammatory cytokines (IL-10), are important mediators for the injury and progression of renal tissue damage [@B11].

Neutrophils are the main immune cell population in adult human blood and the primary mediators of inflammatory response against invading microorganisms and foreign materials [@B14]. Neutrophils can adhere to endothelium, transmigrate to the infection/inflammatory site, produce oxygen radicals and release the internal components of neutrophil granules outside and within the cell, fusing with the phagosome. Neutrophil serine proteases are key enzymes in inflammation, immune response and coagulation, acting as a host defense mechanism [@B15]-[@B17]. These proteases have specific endogenous and exogenous inhibitors that antagonize their effects, to prevent several inflammatory diseases with severe impact on organ tissue integrity [@B14], [@B17], [@B18]. NSPs are required for the regulation of chemokine, cytokine bioavailability and for the production of neutrophil extracellular traps (NETs) [@B19]. Neutrophils undergo NETosis, a form of cell death, in response to a variety of activating stimuli, such as bacteria, viruses, parasites, fungi, phorbolmyristate acetate (PMA), oxidized low-density lipoprotein (oxLDL), interleukin-8 (IL-8), lipopolysaccharide (LPS), monosodium urate (MSU) crystals and *Leishmania amazonensis,* that leads to mitogen-activated protein kinase (MAPK) signaling and NADPH oxidase activation, which finally induces NET release [@B19]-[@B21].

NSPs deficiency is associated with several disorders due to mutations, anti-neutrophil cytoplasmic antibodies (ANCA) and to interference in processing of proteins [@B17]. NET is associated to some pathologies, namely autoimmune diseases, small vessel vasculitis, auto-inflammatory diseases, chronic inflammatory lung disease, metabolic disease, cancer, nephritis and chronic kidney disease [@B19], [@B22], [@B23].

This review will focus on the role of neutrophil elastase, a serine protease released by neutrophils during inflammation, in CKD; and on the potential value of endogenous and exogenous neutrophil elastase inhibitors to restrict or prevent the inflammation associated with CKD progression and with several CKD-associated complications.

Neutrophils production, release and elimination
===============================================

Human neutrophils are the result of a process of differentiation and proliferation of myeloid hematopoietic stem cells, in the bone marrow (BM). The granulopoietic cells include undifferentiated hematopoietic stem cells (HSCs) and pluripotent myeloid progenitors that are CD34^+^ cells, and granulocyte-monocyte progenitor cells (GMPs); the granulocytic precursor cells include myeloblasts, promyelocytes, myelocytes (mitotic pool) and metamyelocytes that mature into band cells and, finally, into mature neutrophils (post-mitotic pool) (Figure [1](#F1){ref-type="fig"}A) [@B15], [@B24]-[@B26]. Bone marrow releases 5-10 x 10^10^ neutrophils per day. By stable isotope labeling, the half-life time of circulating human neutrophils was shown to be less than one day and around 5 days in BM transit [@B27]. There are also neutrophil pools within the vascular network of spleen, liver and bone marrow, that may be enhanced in case of pathogenic invasion or tissue damage [@B15], [@B25]. Neutrophil homeostasis is preserved by granulopoiesis, BM storage and release, intravascular margination, transmigration and destruction [@B25].

Neutrophil life cycle is mainly regulated by granulocyte colony-stimulating factor (G-CSF) that promotes granulocyte precursor proliferation, differentiation, survival and traffic/mobilization. G-CSF regulates the expression of chemokines, which control the balance between neutrophil release and retention [@B15], [@B25], [@B28]. Granulocyte monocyte colony-stimulating factor (GM-CSF) stimulates granulopoiesis and neutrophil release into the circulation [@B25], [@B29]. It is a vital survival signal for neutrophils by activating the janus kinase/signal transducers and activators of transcription (Jak/STAT), phosphoinositide 3-kinase (PI3K) and MAPK pathways [@B29], [@B30]. Both PI3K and MAPK signaling are critical for the phosphorylation of protein kinase B (PKB), which is needed for neutrophil chemotaxis [@B31]. The Jak/STAT pathway is able to delay and rescue GS-CSF induced neutrophils apoptosis; however, the activation of this pathway, by GM-CSF, is altered in neutrophils of aged subjects [@B29]. The modifications in the activation of Jak/STAT pathway in elderly may also contribute to change the immune response, since this pathway regulates cytokine production [@B29], [@B32]. The inhibition of Jak/STAT pathway prevents the secretion of inflammatory cytokines, chemokines, proteases and growth factors and might be used to extend longevity in ageing [@B32]. In elderly, the activity of PI3K in neutrophils is increased, leading to aberrant neutrophil migration and to an increase of neutrophil proteinase-specific fibrinogen cleavage product Aa-VAL360, a specific marker of neutrophil elastase activity *in vivo* [@B33]. Blocking PIK3 activity could contribute to prevent inflammation and increase neutrophil bactericidal and phagocytic functions during infections in older people [@B33].

Neutrophil release from the bone marrow is regulated by chemokines expressed on neutrophils, namely by the CXC chemokine receptor 2 (CXCR2) that has different ligands, the CXCL1, macrophage inflammatory protein-2 (MIP-2 or CXCL2), epithelial-derived neutrophil-activating peptide 78 (ENA78 or CXCL5) and granulocyte chemotactic protein-2 (GCP-2 or CXCL6); and by the receptor CXCR4 and its major ligand, the stromal-derived factor-1 (SDF-1 or CXCL12), mediates neutrophil retention and signalizes senescent cells for destruction (Figure [1](#F1){ref-type="fig"} B) [@B15], [@B25], [@B26], [@B28].

In the BM, the endothelial cells constitutively express CXCL1 and CXCL2, while osteoblasts are the major source of CXCL12 [@B28], [@B34]. CXCR2 signaling interacts antagonistically with CXCR4 to regulate neutrophil release from the BM into the systemic circulation [@B26], [@B35]. During neutrophil maturation, CXCR4 and adhesive interaction α4 integrin very late antigen-4 (VLA-4) are downregulated allowing the release of neutrophils into the peripheral blood [@B36]. Mixed bone marrow *Cxcr2^-/-^* chimera mouse showed that the *Cxcr2^-/-^* neutrophils, in the BM, were not mobilized into circulating blood, due to transient CXCR4 inhibition, when compared to the wild type. Treatment with CXCR2 agonist increased wild type neutrophils in circulating blood, compared to the *Cxcr2^-/-^* neutrophils, suggesting that CXCR2 activation is partially dependent on CXCR4 [@B35]. Moreover, in double deficient *Cxcr2^-/-^*/*Cxcr4^-/-^* neutrophils were constitutively mobilized from the BM, indicating that CRCX2 signal was not required in the absence of CXCR4, while CRCX4 regulated neutrophil traffic [@B35]. The dominance of SDF-1 (CXCL12) over CXCR2 was demonstrated by mutations in CXCR4 that lead to neutrophil retention [@B37]. CXCR4 autosomal dominant mutations are associated with WHIM syndrome, characterized by hypogammaglobulinemia, immunodeficiency and accumulation of mature, often hypersegmented or dysplasic neutrophils in the BM (myelokathexis) [@B12], [@B37]. In murine myeloid cells, deletions of *Crcx4* induced increased neutrophil release [@B38], while CXCR4 antagonists inhibited neutrophil mobilization from bone marrow [@B39], [@B40]. Plerixafor (AMD3100, Genzyme Corporation) is an antagonist of the binding of SDF-1, that is used in combined therapy with G-CSF to mobilize hematopoietic stem cells to peripheral blood, for collection and autologous transplantation of patients with some hematopoietic malignancies, as non-Hodgkin\'s lymphoma and multiple myeloma [@B40], [@B41]. CTCE-0021, a cyclized CXCR4 agonist peptide, mobilizes synergistically both neutrophils and hematopoietic progenitor cells when combined with G-CSF, in mice and in Jurkat human lymphoblastoid cell line [@B42]. CXCR4 receptor agonists (CTCE-0021 and ATI-2341) employed alone or with other agents as mobilizing drugs, may be an alternative for patients that are poor mobilizers [@B42], [@B43]. Moreover, the modulation by SDF-1, of (VLA-4) and of its ligand, vascular cell adhesion molecule-1 (VCAM-1), retains neutrophils in the bone marrow [@B36]. According to *in vivo* evidences in mouse models, dendritic cells (DCs) control the production of G-CSF and some chemokines that interferes with neutrophil mobilization, recruitment and apoptosis [@B26], [@B44].

Neutrophil cell death occurs in homeostasis and is enhanced in inflammation. Old circulating neutrophils are removed by macrophages in the bone marrow, spleen and liver; they undergo spontaneous or constitutive apoptosis, followed by removal of apoptotic neutrophils [@B24], [@B30]. Apoptosis is induced and/or controlled by low expression levels of anti-apoptotic proteins; caspase activity; reactive oxygen species (ROS), inhibitors of cyclin-dependent kinases (CDKs); proliferating cell nuclear antigen (PCNA); myeloid nuclear differentiation antigen (MNDA); granular proteases; pathogens that could enhance or restrict signaling pathways; and exposition to pro-survival molecules that delay apoptosis, such as G-CSF, GM-CSF, and interferon-gamma (INF-γ) [@B30], [@B45].

Neutrophil death takes place by spontaneous apoptosis or by the extrinsic, intrinsic and phagocytosis-induced apoptotic (PICD) pathways, at inflammatory sites. Tumor necrosis factor-alfa (TNF-α), TNF-related apoptosis-inducing ligand (TRAIL) or Fas-ligand stimulate the extrinsic pathway; the release of cytochrome C into the cytosol is required for the activation of the intrinsic pathway; and the PICD pathway is activated by particle uptake and NADPH oxidase-derived ROS [@B30], [@B45]. Other forms of neutrophil death include: autophagy, an intracellular catabolic process activated by high levels of ROS, by which cellular components and pathogens are degraded through the lysosomal machinery [@B20]; NETosis that takes place by three different models (suicidal NETosis, vital NETosis and vital NETosis with release of mitochondrial DNA), which can be dependent of ROS, NADPH oxidase and on the rapidly accelerated fibrosarcoma-mitogen-activated kinase-extracellular signal-regulated kinase (Raf-MEK-ERK) pathway [@B19], [@B20], [@B22]; necroptosis, which is activated by specific protein kinases, the receptor-interacting protein kinase-3 (RIPK3) and by mixed lineage kinase domain like (MLKL) [@B24], [@B45], [@B46], although NET formation can occur independently of MLKL and RIPK3 signaling [@B47]; pyroptosis that requires the proteolytic activation of the inflammatory cytokines, IL-1β and IL-18, and is initiated by pyroptosis-mediating caspases; efferocytosis, a process of elimination of dead cells by phagocytes or neighboring cells; and phagocytosis of apoptotic neutrophils by macrophages [@B24], [@B30], [@B45], [@B46]. Regulation of neutrophil turnover is essential to control cell death and clearance of apoptotic neutrophils in homeostasis and in inflammation. Delayed neutrophil apoptosis may contribute to the pathology of several inflammatory and autoimmune diseases [@B45].

Neutrophil granules
===================

Mature neutrophils have a segmented nucleus, primary and neutrophil secondary cytoplasmic granules. The main components of primary neutrophil granules, are neutrophil serine proteases that are expressed during the promyelocytic stage of granulopoiesis and present in further myeloid stages and mature granulocytes; they are also expressed in monocytes and mast cells, and become active after a N-terminal modification by dipeptidyl peptidase I (DPPI), also called cathepsin C [@B24], [@B30], [@B45], [@B46], [@B48], [@B49]. There are four types of neutrophil granules, containing approximately 300 proteins, which differs in its content, signaling for granule secretion and place of secretion: primary or azurophilic granules, containing myeloperoxidase (MPO) and the serine proteases; secondary or specific granules, rich in lactoferrin and cathelicidin; tertiary or gelatinase granules, with gelatinase and lysozyme; and secretory granules, with complement and chemotaxis receptors [@B17], [@B26], [@B48]-[@B51]. The main components of the four types of neutrophil granules and membrane markers are described in table [1](#T1){ref-type="table"}.

The active serine proteases that belong to the chymotrypsin serine proteases group are neutrophil elastase (NE), proteinase 3 (PR3), cathepsin G (CG) and neutrophil serine protease 4 (NSP4). These four serine proteases are small molecules with low molecular weight (29 kDa) that can form large protein complexes (2000 kDa), with a conserved serine in their catalytic site, and protected of degradation by DPPI [@B17], [@B49], [@B52]. NSPs perform their functions at different compartments, where they have several substrates, and control biological events, namely, the survival of regulatory neutrophil proteins, inflammation and NET formation [@B49]. NSPs digest phagocytized microorganisms, together with myeloperoxidase and ROS generated by NAPH oxidase complex [@B17], [@B48], [@B52]-[@B54]. NSPs are associated with several human pathologies, such as infections, cardiovascular diseases, tumors, congenital neutropenia, and autoimmune syndromes [@B49].

NE and PR3 enzymes are also able to degrade extracellular matrix (ECM) components, namely, fibrin, fibronectin, collagen, the glycoprotein IIb/IIIa receptor, elastin and cadherins [@B55]. NE is quickly released from neutrophil granules, and is highly concentrated at inflammation sites. NE translocation to the nucleus is a process requiring ROS and MPO [@B56]. NE activates matrix metalloproteinases (MMPs) and inactivates their inhibitors; has the ability to degrade components of the coagulation and fibrinolytic pathways. With PR3, NE activates and processes inflammatory cytokines (TNF-α, IL-1β, IL-8, IL-18 and IL-6) and promotes stimulation of protease activated receptors (PAR) that increase the epithelial permeability and neutrophil migration, as well as the selective activation of MAP kinase [@B55]. NE and CG process and stimulate members of IL-1, namely IL-1α, IL-33, and IL-36 cytokines, while IL-1β and IL-18 promote the release of TNF-α and IL-6 [@B57]. Thus, NSPs play a key role in the innate immune response against infectious agents (bacteria, fungus and virus), in tissue remodeling processes, and in the initiation/resolution/amplification of inflammation [@B17], [@B18], [@B57]. In this context, key components associated to the role of neutrophils in innate immunity include the inflammatory cytokine TNF-α, signaling through TNF receptors, signaling pathways stimulated by GM-CSF, pathogen associated molecular patterns (PAMPs), damage associated molecular pattern molecules (DAMPs), calpains, receptors on neutrophil surface and autophagy [@B24], [@B25].

Neutrophils strategies to combat infections include phagocytosis, the release of granule components into the extracellular space or into the phagosome, the establishment of neutrophil extracellular traps and autophagy [@B15], [@B20], [@B22], [@B58]. Phagocytosis is the cellular uptake, by which neutrophil engulfs particles or pathogens into the phagosome, a process enhanced by the complement system, IgG antibodies and cell pre-activation [@B15]. NET is used by neutrophils to capture and kill extracellular pathogens at sites of infection [@B20] and has coupled antimicrobial peptides released by neutrophils [@B59]. PR3, CG, NSP4 and NE contribute to the proteolytic activity of NETs (Figure [2](#F2){ref-type="fig"}); however, NE has a primordial role in this process, as demonstrated by depletion studies [@B60].

NET can also lead to tissue damage and is a potential source of antigens. The membrane-associated NADPH oxidase system produces ROS, required to initiate NET formation, and is followed by the release of NE and MPO from azurophilic granules that cooperatively enhance chromatin decondensation and cell rupture [@B19]-[@B21], [@B61]. NETs are associated with the release of cell-free DNA (cfDNA), DNA strands associated with histones (H1, H2A, H2B, H3, and H4) and of several proteins, such as NE, PR3, CG, MPO, high mobility group protein B1 (HMGB1), and LL37, all contributing to the pro-inflammatory process [@B15], [@B20], [@B22], [@B58]. Pentraxin 3 (PTX3) is expressed in neutrophil precursors (absent in mature neutrophils), mostly stored in specific granules, and moderately in azurophilic and gelatinase granules. It is involved in NET formation, attenuates histone-mediated endothelial cell cytotoxicity through aggregation and limits tissue damage [@B62].

NETosis is accepted as a specific form of cell death undergone by granulocytes, although different from apoptosis and necrosis [@B20], [@B22]. There are three patterns of NETosis: suicidal NETosis*,* vital NETosis and vital NETosis with release of mitochondrial DNA [@B19], [@B58]. In suicidal NETosis*,* there are loss of nuclear membrane; transport of NE and MPO from the granules into the nucleus; activation of NADPH oxidase complex through protein kinase C (*PKC*) activation, along with Raf/MEK)/ERK signaling pathway; increase in cytosolic Ca^2+^ [@B24], [@B30], [@B45], [@B46], [@B48]; and chromatin decondensation, which requires ROS for histone cytrulation by the peptidyl arginase desaminase 4 (PAD4) [@B19], [@B61], [@B63]. Decondensation of DNA is required to mix DNA and intracytoplasmic proteins. The pharmacological inhibition of PAD4 suppresses chromatin decondensation and NET formation [@B64]. In vital NETosis, neutrophils release NETs without loss of nuclear or plasma membrane, is independent of ROS and of the Raf/MEK/ERK pathway, and does not affect neutrophil functions and half-life, even after DNA loss [@B19], [@B58]. The vital NETosis with release of mitochondrial DNA, instead of nuclear DNA, is dependent on ROS and does not lead to cell death [@B19], [@B65]. These different pathways involved in NET formation can be triggered in different ways, the suicidal pathway is mostly induced by PMA, whereas the vital necrosis is stimulated by LPS and Toll-like receptor-4 (TLR4) on platelets [@B22]; and the vital NETosis with release of mitochondrial DNA, requires stimulation by GM-CSF and LPS [@B19], [@B65].

Neutrophil serine protease inhibitors
=====================================

The serine protease inhibitors are able to regulate the proteolytic activities of the serine proteases and are important to regenerate the protease/anti-protease balance. Both therapeutic and endogenous serine protease inhibitors regulate NSP activity, preventing excessive elastin proteolysis, as occurs in several inflammatory diseases, with severe impact on organ tissue integrity [@B55].

Endogenous neutrophil serine protease inhibitors
================================================

The most important endogenous biological serine proteases inhibitors (serpins) have a tertiary structure complementary to elastase and play an important role in regulating the immune response. Endogenous inhibitors with anti-neutrophil elastase activity include alfa1-proteinase inhibitor (α1-PI) or alfa1-anti-tripsin (AAT), elafin, secretory leukocyte protease inhibitor (SLPI), α1-anti-chymiotrypsin (ACT), α2-macroglobulin, and monocyte neutrophil elastase inhibitor (MNEI or SerpinB1). The activity of NE is primarily regulated by α-1-PI, Serpin B1, and SLPI [@B17], [@B19], [@B52], [@B55]. The reduction of elastase activity contributes to the resolution of inflammation and prevents tissue damage. Imbalances between NE and its endogenous inhibitors are implicated in the pathogenesis of a wide range of disorders characterized by severe, progressive or chronic inflammation, such as cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome (ARDS), pulmonary fibrosis, asthmatic exacerbations, systemic lupus erythematosus (SLE), psoriasis, and rheumatoid arthritis [@B18], [@B19], [@B21].

The endogenous alpha1-anti-trypsin, produced in the liver, is the major circulating serpin. AAT inhibits PR3, CG and plasminogen activator, and has NE as the main target, protecting tissues from damage [@B66]. AAT has anti-oxidant and anti-protease effects, blocks the activity of TNF, and downregulates neutrophil chemotactic response, abrogating inflammation. In CF and COPD patients, AAT levels rise to equilibrate the increased elastase activity, reducing inflammation; a decrease of neutrophil innate skill to fight infections was also observed, however without great benefits in lung function [@B21]. AAT can be inactivated by ROS, leading to degradation of extracellular matrix components, associated to exacerbation of elastase-dependent tissue damage, cell death and release of autoantigens, worsening inflammation [@B18], [@B21].

SLPI and elafin are serpins produced at the sites of inflammation, in response to inflammatory stimulus, like TNF-α and NE [@B55]. The primary substrate of elafin is NE [@B66], [@B67] and proteinase-3, acting through a competitive tight-binding mechanism [@B67]. Imbalances between NE and elafin levels have been associated with ARDS mortality [@B68], [@B69]. SLPI, a conserved inhibitor produced by epithelial cells, mast cells, neutrophils and macrophages, is an important inhibitor of NE and CG from human neutrophils [@B66], [@B70]. SLPI controls inflammation by inhibiting serine proteases, attenuating the monocyte/macrophage response to LPS, stopping the transcription factor NF-kB, preventing bacterial, fungal and viral infections [@B66], [@B70]. SLPI is also important for proliferation, differentiation and cell cycle of myeloid cells, as demonstrated by transduction and knockdown studies [@B71].

SerpinB1, produced by neutrophils and macrophages, is one of the most effective inhibitor of NE. It is not secreted into the extracellular environment, remaining within the cytoplasm and primary granules [@B53]. SerpinB1 neutralizes the proteinase activity of PR3 in the cytosol and plays a pro-survival function in neutrophils. This was demonstrated in an infectious peritonitis model, in mice with a deficiency in PR3, where neutrophils persisted at inflammation sites, due to a delayed neutrophil death [@B72]; another study showed that neutrophils lacking *SerpinB1* presented an accelerated death process [@B53]. PR3-mediates caspase-3 activation and controls neutrophil spontaneous death [@B72]. The inhibition of protease CG by SerpinB1 is essential for neutrophil survival [@B73].

After neutrophil activation, SerpinB1 and SLPI translocate to the nucleus, where SLPI controls the cleavage of histones by NE and SerpinB1 limits chromatin decondensation, partially preventing NET formation. In plasmocytic dendritc cells (pDCs), at NETs, SLPI, RNA, self-nuclear and mitochondrial DNA stimulates interferon type I (INFI) production through TLR-9. The pDCs and INFI are implicated in the pathogenesis of psoriasis and SLE [@B53], [@B74], [@B75].

Exogenous and therapeutic neutrophil serine protease inhibitors
===============================================================

Therapeutic inhibitors for NSPs are used to decrease intracellular levels of active NE, PR3 and CG, and to reduce neutrophil accumulation at inflammatory sites [@B14]. They are administrated orally, by aerosol or intravenously, depending on the size and nature of the inhibitor. According to Korkmaz et al. an ideal neutrophil serine inhibitor would: 1) be able to inhibit HNE, PR3 and CG, with similar efficiency, and to control their proteolytic activities within given limits; 2) remain chemically resistant to oxidation and proteolysis; 3) be of small size, thereby affording better access to NSPs when they are bound to extracellular matrices and to molecular or cellular components; 4) be available as aerosol; 5) resist to *in vivo* degradation [@B14], [@B18].

The NE inhibitors available for clinical practice are classified in five groups (Table [2](#T2){ref-type="table"}). The 1^st^ generation of inhibitors are biological and some present low stability; α1-anti-tripsin (Prolastin, Zemaira, Aralast) and elafin (Tiprelestat) are some of the NE inhibitors of this group. The 2^nd^ generation of NE inhibitors use a mechanism-based suicide small molecule (SMOL) that inhibits released and membrane-bound elastase (*e.g.* sivelestat or ONO-5046; freselestat or ONO-6818). The 3^rd^ and 4^th^ generation of NE inhibitors, modern and non-mechanism-based SMOLs, are nonreactive and reversible inhibitors originated from pyridine and dihydropirimidone lead structure; AZD9668 (Alvestat) and BAY-678 are NE inhibitors of the 3^rd^ and 4^th^ generation, respectively. The 5^th^ generation inhibitors have pre-adaptive pharmacophores derived from 4^th^ generation NE inhibitors (*e.g.* BAY 85-8501) [@B18], [@B76].

The 3^rd^ generation NE inhibitor AZD9668 (alvelestat) displays a dose-dependent NE inhibition [@B18], [@B77], [@B78]. In patients with CF, AZD9668 was well tolerated, reduced inflammation and lung injury, as showed by the reduction in IL-6, and in urinary desmosine, respectively; however, it seems to have little impact on NE activity or lung function [@B77]. Moreover, studies using a rat experimental model reported a beneficial effect for AZD9668 in the treatment abdominal aortic aneurysm, reducing the levels of MPO, NE and cfDNA that contribute to progression of the disease [@B79].

The 5^th^ generation molecules have additional substituents that not directly interact with the target. BAY 85-8501 is one of these inhibitors that display anti-inflammatory effects in animal models [@B18], [@B76]. AZD9668 and BAY 85-8501 are in clinical trials (Phase II) for the treatment of patients with CF, COPD, bronchiectasis and pulmonary disease [@B18], [@B76], [@B80]. BAY-8040 showed excellent potency, selectivity, and improved the cardiac function in a rat model [@B81].

Still, there are other exogenous inhibitors of NE that have been developed and are under study, such as peptide and non-peptide derivatives [@B82], [@B83]. The 4-oxo-β-lactams are selective acylating irreversible NE inhibitors. A new 4-oxo-β-lactam containing a *N*-(4-(phenylsulphonylmethyl)phenyl) group was proposed as a potent slow-tight binding NE inhibitor, showing also selectivity for proteinase 3 and cathepsin G; however, it presents weak stability, due to off-target reactions with plasma and liver enzymes [@B84]. The design of small-molecule activity-based probes by click chemistry approach on 4-oxo-β-lactams was also reported as an efficient tool for the development of new potent NE inhibitors; these probes showed adequate fluorescence properties, and neutrophil internalization, suitable for detection of NE, making them a promise as diagnostic tools [@B85]. MK0339, a potent human β-lactam-based inhibitor, was tested in clinical trials, stimulating cell survival and increasing the production of mature neutrophils; data suggested MK0339 as a potential agent to be used in *ELANE*-associated neutropenia [@B86]. Derivatives of O3-acyl kojic acid, selected by virtual screening, are also under study as they presented good selectivity for NE and low cytotoxicity [@B87]. Cinnoline derivatives are reversible competitive inhibitors of human NE that seem to have potential, but further studies are required [@B88]. The design and synthesis of small molecules based on different bicyclic scaffold allowed the isolation of isoxazol-5(2*H*)-one scaffold, as good and reversible competitive inhibitor of NE [@B80], while thiazol-2-(3*H*)-one nucleus was not a good scaffold for NE inhibitor [@B89].

Camostat mesilate, a synthetic serine protease inhibitor with antioxidant properties mainly used to treat chronic pancreatitis [@B90] and reduce the incidence of pancreatic metastasis [@B91], was proposed as an antihypertensive drug with renoprotective effects in patients with salt-sensitive hypertension [@B92].

Several serine protease inhibitors have been identified in different organisms. NSPs from *Musca domestica* (MDSPI16) [@B93] and from spider *Araneus ventricosus* (AvCI) [@B94] showed to be active in inhibiting elastase activity. The fungus *Ganoderma mastoporum*, found in several Asian countries, has inhibitory effects on elastase release and on superoxide anion generation, due to their content in triterpnoid, which are under studies as potential NE inhibitors [@B95] [@B96].

Exogenous NE inhibitors are also able to prevent NET formation, which is advantageous for host defense, but they also induce endothelial cell damage and the release of autoantigens that may contribute to the development of autoimmune diseases [@B19], [@B22], [@B23]. In this context, lactoferrin, a constituent of the specific neutrophil granules, might act as an intrinsic inhibitor of NET, and be useful in the control NET and granule release, in inflammatory and autoimmune diseases [@B97].

Different treatments for neutrophil-mediated diseases, based on the inhibition of neutrophil infiltration, NE activity, ROS activity, and NET prevention and degradation [@B21], have been tested in pre-clinical and clinical studies. Currently, Sivelestat is the only non-peptide drug available for the treatment of acute lung injury (ALI) and ARDS [@B82], [@B98]. Clinical trials using small molecules ligands, as β2-integrins or ICAM-1, failed to block neutrophil infiltration in response to shock or ischemia-reperfusion (IR) injury [@B21].

Studies with chemokines and chemokine receptors have shown promising data. An antagonist of CXCR2, SB-656933, was well tolerated in adult patients with cystic fibrosis, acting by preventing neutrophil infiltration and modulating airway inflammation in these patients [@B99]. MK-7123 (also known as SCH 527123) is an antagonist of the human CXC receptors, with substantially higher affinity for CXCR2 that might selectively reduce neutrophil recruitment to sites of inflammation in COPD patients [@B100]. Azithromycin therapy, an antagonist of IL-8, reduced the number of worsening episodes in stable COPD, by reducing the levels of neutrophilic airway inflammatory markers [@B101]. Roflumilast, a selective phosphodiesterase-4 inhibitor, is a therapeutic agent with anti-inflammatory effects used in the treatment of COPD that acts by interfering with the acetylated proline-glycine-proline (AcPGP) pathway [@B102]. Transhinone IIA was functionally characterized as a pro-resolution molecule that promotes reverse migration of neutrophils and increases the levels of neutrophil apoptosis in human, rats and zebrafish, contributing to inflammation resolution [@B103]. The origin, mode of action and therapeutic applications of endogenous and exogenous inhibitors are summarized in tables [3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}.

NET, if not removed by macrophages or cleaved by circulating DNAse activity, can contribute for tissue damage (via histones), for the pathology of several diseases, thrombosis, inhibition of apoptosis, release of autoantibodies, cancer progression and metastization [@B21], [@B53]. The exogenous administration of SLPI can reduce NET release, as showed by *in vitro* studies with this protease inhibitor [@B53], [@B104]. The signal inhibitory receptor on leukocytes-1 (SIRL-1) is a member of the transmembrane receptor Ig superfamily of immune inhibitory receptors, exclusively expressed on monocytes and granulocytes, that can suppress NET formation without compromising neutrophil antimicrobial functions [@B105].

Nowadays, epigenetic regulation modulates gene expression through DNA methylation, non-coding RNAs (ncRNA), such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs or miR), and histone post-translational modifications and histone variants. MicroRNAs are approximately 20-nucleotide, single-stranded RNA molecules that target mRNA, by partial or total complementarity, and regulate gene expression through inhibition of translation or transcript degradation. They also play a role in many biological processes, such as homeostasis, proliferation, development, apoptosis, metabolism or cell cycle [@B106]. When deregulated, they interfere with upstream and downstream gene network and signaling pathways, contributing for disease [@B106], [@B107]. In human bronchial epithelial (16HBE) cell line, neutrophil elastase induces miR-146a and *MUC5AC* (mucin 5AC, oligomeric mucus/gel-forming) mucin expression in a dose- and time-dependent stimulation. Ectopic expression miR-146a in 16HBE cells downregulated the stimulation of MUC5AC by NE, while depletion of endogenous miR-146a enhanced the MUC5AC production, which is associated with c-Jun N-terminal kinase (JNK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway. These results suggest a therapeutic potential of manipulating miR-146a in the control of mucus overproduction in inflammatory airway diseases [@B108]. Also, in the B6.MRLc1 CKD mice that spontaneously develop renal inflammation with age, miR-146a renal expression was high in interstitial lesions containing inflammatory cells; the silencing of miR-146a in a human cell line from monocytes, increased the expression of inflammatory mediators, suggesting that the urinary miRNA146a excretion might be related with renal dysfunction [@B109]. Thus, miR-146a might regulate local inflammatory mediators and signal pathways, and could contribute for new therapeutic approaches for CKD [@B109]. Cathepsin S (CTSS) upregulation and activity, in CF patients airway epithelium, is dependent of miRNA-31 expression [@B110]. Many other miRNAs and lncRNAs are associated with the pathogenesis of respiratory diseases and useful in their diagnosis [@B111]. In the kidney, miRNAS deregulation contribute for kidney fibrosis and dysfunction; however, they can be used as non-invasive biomarkers for monitoring the severity and progression of renal damage and for therapeutic interventions [@B107], [@B109], [@B112]. Modulation of miRNAs,*in vitro* and*in vivo*, represents a novel approach in therapeutics since miRNAs can be overexpressed or inhibit. The miR-mimics are used when there is a downregulation of a miRNA, because of a disease, and its administration increases a specific miRNA. When pathological conditions result from the upregulation of a specific miRNA its inhibition is accomplished with antagomirs, as miRNAs inhibitors or blockers, like antisense oligonucleotide (morpholinos), sponges, masking, and erasers [@B106], [@B107], [@B112], [@B113].

Chronic kidney disease, elastase and NSP inhibitors
---------------------------------------------------

The guidelines from National Kidney-Foundation Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) defined CKD as an abnormality of kidney structure or function, regardless of cause or specific clinical presentation, and proposed a staging system based on the level of glomerular filtration rate (GFR) [@B114]. The criteria for CKD classification is based on: 1) cause of kidney damage (albuminuria, urinary sediment abnormalities, electrolytes and other anomalies due to tubular disorders; defects detected by histology; structural aberrations identified by imaging, history of kidney transplantation); 2) the five stages GFR classification (with G3 category subdivided into G3a and G3b); 3) the three categories according to albuminuria-creatinine ratio and albumin-excretion rate [@B115]. The diagnosis and follow-up of patients with CDK is, thus, established according to the grade of renal dysfunction, proteinuria levels, renal filtration and markers of renal lesions [@B116].

CKD is accepted as a common worry for public health, contributing to increase morbidity and mortality in developed, low- and middle-income countries [@B117], [@B118]. In addition, morbidity and mortality rates are higher in ESRD patients under hemodialysis, and cardiovascular disease has been considered the leading cause of death in these patients [@B5]. Kidney failure requires renal replacement therapy (RRT), by kidney transplantation or hemodialysis [@B118], [@B119].

The prevalence of CKD is estimated to be 10-15% in the adult population [@B117], [@B120]. There are "traditional, conventional or classic" and "non-traditional, non-conventional or non-classical" risk factors that contribute to the global burden of the disease [@B118], [@B121], [@B122]. The traditional risks factors include hypertension and diabetes; obesity, a low-grade inflammatory condition, often associated to diabetes and hypertension, also favors the development of CKD. Non-traditional risks factors involve nephrotoxins, acute kidney injury (AKI), kidney stones, fetal and maternal exposures, infections and environmental exposures [@B118]. These risk factors are associated with renal damage, leading to kidney dysfunction and triggering an inflammatory response. The activation of neutrophils, with enhanced release of ROS, contributes to the development of oxidative stress; the release of proteases contributes to endothelial dysfunction and to inflammatory response that is further enhanced by the release of proinflammatory cytokines. All these mechanisms contribute to worsening of kidney injury and to the development of fibrotic changes. Anemia is a common complication in CKD patients that results from a reduced production of erythropoietin by the failing kidneys and may contribute to enhance inflammation. Neutrophil elastase inhibitors, as therapeutic agents, can be used to inhibit these proteases released by the activated neutrophils at renal inflammatory sites, preventing worsening of renal damage and, thus, the development of CKD and the associated complications (Figure [3](#F3){ref-type="fig"}) [@B10], [@B11], [@B123]-[@B125].

CKD patients under hemodialysis present high elastase levels that might be related with the enhanced inflammatory process, common in these patients [@B6]. Moreover, patients on HD, non-responders to recombinant human erythropoietin (rhEPO) therapy, showed higher neutrophils levels and more inflammation [@B6], [@B7]. Actually, inflammation is one of the major features in CKD patients, in the pre-dialysis period and on regular hemodialysis. The long-term intradialytic contact of blood with large surfaced artificial materials during the dialysis procedure may lead to leukocyte activation, with release of ROS and granule constituents, namely, elastase [@B123], [@B124]. In accordance, the use of vitamin E-coated cellulose acetate (CAE) membranes for dialysis procedure has been associated with a decrease in the oxidative stress and in biomarkers of inflammation [@B126], [@B127], without affecting dialysis adequacy [@B127]. Moreover, the elevated levels of elastase and cathepsin G, continuously released during hemodialysis session, can initiate vascular injury by cleavage of vascular endothelial cadherin in HD patients [@B128]. In line, it was reported that higher serum levels of free elastase, together with lower levels of AAT, contribute for the endothelial dysfunction [@B129].

The chronic inflammation in patients with end-stage renal disease may be associated with leukocyte activation and, thus, with increased proteolytic enzymes, such as NE, oxidative stress, showed by the imbalance oxidant and anti-oxidant defenses, as well as with an increase in pro-inflammatory cytokines [@B125]. Moreover, considering the high mean age of patients on dialysis and that neutrophils from older adults show increased degranulation and higher NE activity, tissue damage and inflammation is probably enhanced in ESRD patients [@B33]. NE and lipopolysaccharides stimulate the production of IL-8 and IL-6 [@B125]. IL-8 is an important neutrophil chemoattractant and the major chemokine responsible for neutrophil transmigration to inflammatory sites and neutrophil degranulation [@B14]. In HD patients, IL-8 is a good indicator of risk for cardiovascular complications, while IL-6 appears as a good marker of myocardial infarction. Serum concentrations of IL-8, α1-PI and of the complex NE-α1-PI are significantly higher in HD adult patients, as compared to controls. The NE-α1-PI was positively correlated with α1-PI and seems to be a better predictor of the inflammatory state in CKD patients than α1-PI and IL-8 [@B125]. NE-α1PI and IL-8 levels were also raised in non-infected children and young adults with CKD on continuous ambulatory peritoneal dialysis (CAPD), and the interaction between NE, α1-PI and IL-8 seems to enable the recruitment of inflammatory cells and tissue damage [@B10].

Studies using (5/6) nephrectomized rats treated with camostat mesilate showed that it was able to decrease oxidative stress, protease levels, inflammation and the severity of renal fibrosis [@B130]. When CM therapy was combined with telmisartan, a renin-angiotensin-aldosterone system (RAS) inhibitor, the effects on the reduction of oxidative stress and renal fibrosis were improved, when compared with the results for each monotherapy [@B131].

Sivelestat is a low molecular weight reversible competitive inhibitor of NE [@B55] that promotes the survival of rats with sepsis, by restoring the impairment in arterial pressure and glomerular filtration rate (GFR), and by inhibiting the increase in urea nitrogen (BUN) and neutrophil gelatinase associated lipocalin (NGAL) [@B132].

NETs are composed of cfDNA and DNA strands associated with histones and several other protein structures [@B15], [@B20], [@B22], [@B58]. HD patients, compared to controls, have high levels of IL-6 and DNA-histone complexes; thus, these complexes might be used as markers of risk for cardiovascular events in hemodialysis patients [@B133], contributing to decrease morbidity and mortality due to cardiovascular incidents, that are high in CKD and ESRD patients. In addition, it has been reported that patients with CKD present increased levels of circulating cfDNA [@B134], [@B135] and different types of DNA injury [@B136], [@B137]. cfDNA is able to selectively induce IL-6 production by monocytes that may explain the observed positive correlation of circulating cfDNA levels with the inflammatory grade in ESRD patients [@B134]. The correlations between the levels of DNA damage and the risk of mortality, suggest that genomic damage can be predictive for the outcome of CKD patients [@B136]. DNA damage has been measured in CKD patients using the micronucleus test (micronucleus frequency), the only that showed predictive potential, the comet assay (evaluation of DNA strand breaks), and the quantification of the 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) [@B137]. Coimbra et al. reported that genomic damage in ESRD patients, evaluated by comet assay and by quantification of cfDNA, was associated with lower CRP levels, when damaged DNA was still within the cell, and with higher CRP values, when injured DNA was already released into plasma. Moreover, the levels of DNA damage were correlated with age and inflammatory state and may, therefore, contribute to increase the risk for cancer and cardiovascular mortality [@B138].

Neutrophil elastase polymorphisms in *ELANE* gene may contribute to the development of several pathologies [@B139]-[@B141]. The presence of mutations and single nucleotide polymorphisms (SNPs) in the coding region and in the six repetitive tandem motifs of the promoter appear to influence the level of elastase expression, promoting proteolytic disturbances [@B139]. Severe congenital neutropenia (SCN) can be caused by mutations in *ELANE* gene, which have been associated with severe neutropenia and serious clinical manifestations [@B142]. *ELANE* mutations may also underlie cyclic neutropenia (CyN) [@B143]. Heterozygous mutations in *ELANE* gene are highly frequent and are the main causes for both CyN and SCN [@B144]. The correlations clinical genotype-phenotype of some mutations in *ELANE* gene seem to be linked to different prognosis [@B145]. Recently, a new pathogenic mutation (G201R) was reported in a patient without neutropenia, that leads to expression of a misfolded neutrophil elastase with reduced elastase activity and defective NETosis [@B146]. In ESRD patients, the heterozygosity for the c.-903T\>G polymorphism and the homozygosity for the -741G\>A polymorphism in the *ELANE* did not influence the circulating levels of elastase; however, the homozygous -741G\>A polymorphism was associated with higher neutrophil count and with an enhanced inflammation that are usually associated with a poor outcome [@B147].

Anemia is a common complication in CKD, particularly in end-stage renal disease patients on HD. Erythropoietin (EPO) regulates erythropoiesis, promoting the proliferation and differentiation of erythroid cells. Recombinant human erythropoietin (rHuEPO) therapy has been used to correct CKD associated-anemia, but has potential to increase adverse cardiovascular effects, by increasing arterial blood tension and, thus, the risk of stroke, venous thromboembolism and mortality [@B148]-[@B150]. Some patients (5-10%) treated with rHuEPO develop resistance, needing higher rHuEPO doses to achieve target hemoglobin levels. Inflammation, oxidative stress and iron deficiency are the main factors that have been associated to resistance to rHuEPO therapy [@B148], and CRP was proposed as a predictor of ESA resistance in HD patients [@B151], [@B152]. Hyporesponsive patients to rHuEPO present higher levels of neutrophil activation, as showed by higher elastase levels, as compared to responders patients [@B6]. Currently, high doses of ESA are not recommended in anemic patients with CKD or ERSD, as epidemiologic studies showed an association with higher mortality and increased cardiovascular risk [@B149], [@B150], [@B153]. However, it has been described a renoprotector effect of ESA in the progression of CKD, when used in lower therapeutic doses [@B154], [@B155]. Accordingly, methoxy polyethylene glycol-epoetin beta (MPG-EPO) used to treat anemia in non-dialysis CKD patients showed to have nephroprotective effects in early stages of CKD and to reduce the CVD risk [@B155].

According to KDIGO guidelines, to treat anemia of CKD, the therapy with ESA require an iron supplementation to achieve a more adequate erythropoietic response [@B156]-[@B158]. Recent data alerts to the risk of iron overload in dialysis patients, which is associated with iron toxicity, infection/inflammation, and may contribute to a higher mortality risk. Actually, the Dialysis Outcomes and Practice Patterns Study (DOPPS) reported an increase in hemodialysis patients on intravenous iron supplementation in most countries, and the study of Bailie and collaborators also showed a rise in the prescribed iron doses over the past 10-15 years [@B159].

During hemodialysis procedure, red blood cells (RBCs) are mechanically stressed, due to blood flow through dialysis system, and metabolically stressed by the accumulation of uremic toxins and products of leukocyte activation, namely, ROS, elastase and other granule contents [@B160]. These changes contribute to membrane remodeling of RBCs, involving loss and modifications in band 3 (aggregation, fragmentation and carbonylation) and spectrin [@B161], [@B162], leading to premature aging and removal [@B3], [@B160], [@B163]. Thus, the products released by leukocyte activation and uremic toxins contribute to worsening of anemia, reducing the RBC life span, and may contribute to increase mortality risk in ESRD patients [@B3], [@B163].

Hemodiafiltration showed an improvement in redox potential and no exovesiculation of blood cells, compared to conventional hemodialysis, although the adverse short-term temporary but acute, oxidative-stress-driven increase in hemolysis suggest the use of antioxidant treatment during hemodiafiltration [@B164]. The RBCs in ESRD RhEPO responders, compared to non-responders (with enhanced inflammation), showed a predisposition to hemolysis under mechanical stress, more susceptibility to erythrophagocytosis favored by the excess of membrane-bound IgGs, a severe deficiency in CD47 protein in the membrane, and a lower expression of peroxiredoxin 2 induced by oxidative stress [@B165]-[@B167].

Conclusions and perspectives
============================

Exogenous neutrophil elastase inhibitors are used in clinical practice in some specific diseases, namely when extracellular neutrophil elastase concentration goes beyond the protecting capacity of endogenous inhibitors, preventing the development of signs, symptoms and disease progression, through its role in the inhibition of the inflammatory process.

Inflammation is a common feature in CKD patients, particularly in those on dialysis, which is enhanced by the release of NE and other pro-inflammatory factors, worsening anemia and increasing the risk of morbidity and mortality. Thus, it would be important to search for new molecules to treat and prevent the adverse effects of neutrophil activation, without alteration in the antimicrobial function of neutrophils. Moreover, a deeper understanding of the mechanisms underlying NET formation, NETosis, production of ROS, cytokine activation, genomic damage, the role of *ELANE* polymorphisms, impaired neutrophil clearance, circulating cell free DNA, anemia, and the hemodialytic process, might give new insights to target the inflammatory process.

In summary, preservation of neutrophil elastase activity can be accomplished using endogenous and exogenous serine inhibitors. In that way, to improve the health conditions of ESRD patients, the development of new NE inhibitors with chemical stability and selectivity will mitigate the inflammatory process and can allow the identification of new predictors of inflammation and cardiovascular events.

This work had the financial support from FCT/MEC through national funds and co-financed by FEDER, under the Partnership Agreement PT2020 from UCIBIO (UID/MULTI/04378/2013 - POCI/01/0145//FEDER/007728) and Norte Portugal Regional Coordination and Development Commission (CCDR-N) NORTE2020/Portugal 2020 (NORTE-01-145-FEDER-000024).

AcPGP

:   acetylated proline-glycine-proline

AAT or α1-PI

:   alfa1-anti-tripsin or alfa1-proteinase inhibitor

AATD

:   alpha1-antitrypsin deficiency

α1-ACT

:   alpha1-antichymiotrypsin

AKI

:   acute kidney injury

ALI

:   acute lung injury

ANCA

:   anti-neutrophil cytoplasmic antibodies

ARDS

:   acute respiratory distress syndrome

BM

:   bone marrow

BP1

:   bactericidal/permeability-increasing protein 1

BUN

:   blood urea nitrogen

CAE

:   coated cellulose acetate

CAPED

:   continuous ambulatory peritoneal dialysis

CD

:   cluster of differentiation

CDKs

:   cyclin-dependent kinases

CF

:   cystic fibrosis

cfDNA

:   cell-free DNA

CG

:   cathepsin G

CM

:   camostat mesilate

CR1

:   complement receptor 1

CRF

:   chronic renal failure

CRISP3

:   cysteine-rich secretory protein 3

CyN

:   cyclic neutropenia

COPD

:   chronic obstructive pulmonary disease

CTSS

:   cathepsin S

CVD

:   cardiovascular disease

CXC

:   chemokine receptor

CXCL

:   chemokine ligand

CXCR

:   chemokine receptor type

DAMPs

:   damage associated molecular pattern molecules

DC(s)

:   dendritic cell(s)

DPPI

:   dipeptidyl peptidase I

DOPPS

:   dialysis outcomes and practice patterns study

ECM

:   extracellular matrix

ERK kinase

:   extracellular signal-regulated kinase

ENA78

:   epithelial-derived neutrophil-activating peptide 78 or CXCL5

*ERK*

:   extracellular signal-regulated kinase

ESA

:   erythropoiesis stimulating agents

ESRD

:   end-stage renal disease

FcγRIIIb

:   Fc gamma receptor IIIb

GCP-2

:   granulocyte chemotactic protein-2 or CXCL6

G-CSF

:   granulocyte colony-stimulating-factor

GFR

:   glomerular filtration rate

GM-CSF

:   granulocyte-macrophage colony-stimulating-factor

GMPs

:   granulocyte-monocyte progenitor cells

H

:   histone

16HBE

:   human bronchial epithelial cells

hCAP-18

:   human cationic antimicrobial protein-18

HD

:   hemodialysis

HMGB1

:   high mobility group protein B1

HSCs

:   hematopoietic stem cells

Ig

:   immunoglobulin

IL

:   interleukin

INF-γ

:   interferon-gamma

INFI

:   interferon type I

Jak /STAT

:   janus kinase signal transducers and activators of transcription

IR

:   ischemia-reperfusion

J*NK*

:   c-Jun N-terminal kinase

lncRNAs

:   long non-coding RNAs

LMPPs

:   lymphoid-primed multipotent progenitors

LPS

:   lipopolysaccharide

MAPK

:   mitogen-activated protein kinase

MIP-2

:   macrophage inflammatory protein-2

miRNAs or miRs

:   microRNAs

MLKL

:   mixed lineage kinase domain-like

MMP

:   matrix metalloprotease

MNDA

:   myeloid nuclear differentiation antigen

MNEI

:   monocyte neutrophil elastase inhibitor or SerpinB1

MPG-EPO

:   methoxy polyethylene glycol-epoetin beta

MPO

:   myeloperoxidase

MSU

:   monosodium urate

MUC5AC

:   mucin 5AC, oligomeric mucus/gel-forming

NADPH

:   nicotinamide adenine dinucleotide phosphate

ncRNAs

:   non-coding RNAs

NE

:   neutrophil elastase

NET(s)

:   neutrophil extracellular trap(s)

NF-κB

:   nuclear factor kappa-light-chain-enhancer of activated B cells

NGAL

:   neutrophil gelatinase associated lipocain

*NKF-KDOQI*

:   national kidney-foundation kidney disease outcomes quality initiative

NRAMP1

:   natural resistance associated macrophage protein-1, NSP(s): neutrophil serine protease(s)

8-oxodG

:   8-oxo-7,8-dihydro-2′-deoxyguanosine

oxLDL

:   oxidized low-density lipoprotein

PAD4

:   peptidyl arginase desaminase 4

PAMPs

:   pathogen associated molecular pattern

PAR

:   protease activated receptors

PCNA

:   proliferating cell nuclear antigen

pDC(s)

:   plasmocytic dendritc cell(s)

PICD

:   phagocytosis-induce apoptotic

PKB

:   protein kinase B

PKC

:   protein kinase C

PMA

:   phorbol myristate acetate

PMN

:   polymorphonuclear

PR3

:   proteinase 3

PTX3

:   Pentraxin 3

Raf-MEK

:   rapidly accelerated fibrosarcoma-mitogen-activated kinase

RA

:   rheumatoid arthritis

RAS

:   renin-angiotensin-aldosterone system

RBC

:   red blood cell

rHuEPO

:   recombinant human erythropoietin

RIPK3

:   receptor-interacting protein kinase-3

ROS

:   reactive oxygen species

RRT

:   real replacement therapy

SCN

:   severe congenital neutropenia

SDF-1

:   stromal-derived factor-1

SerpinB1

:   monocyte neutrophil elastase inhibitor

SIRL-1

:   signal inhibitory receptor on leukocytes-1

SIRS

:   systemic inflammatory response syndrome

SLE

:   systemic lupus erythematosus

SMOL

:   small molecule

SLPI

:   secretory leukocyte protease inhibitor

TLR

:   toll like receptor

TNF-α

:   tumor necrosis factor-alfa

TRAIL

:   tumor necrosis factor-related apoptosis-inducing ligand

VCAM-1

:   vascular cell adhesion molecule-1

VLA-4

:   very late antigen-4

WHIM

:   warts, hypogammaglobulinemia, immunodeficiency and myelokathexis.

![**Granulopoietic cells in the bone marrow**. **(A)** From hematopoietic stem and pluripotent progenitor cells, to the mitotic pool of granulocyte precursors (myeloblasts, pro-mielocytes and myelocytes) and the post-mitotic pool of metamyelocytes, band cells and mature granulocytes. **(B)** Neutrophils are found in the bone marrow, blood (circulating pool), spleen, liver (marginated pool) and in tissues (transmigrated pool). Granulocyte colony-stimulating factor (G-CSF) induces the proliferation of granulocytic progenitors. CXCL1 and CXCL2 are constitutively expressed on endothelial cells of the BM, whereas osteoblasts are the major source of CXCL12. G-CSF regulate the traffic of neutrophils: CXCR4 and its ligand CXCL12 (SDF-1) mediate neutrophil retention in the bone marrow, while CXCR2 and their ligands CXCL1 e CXCL2 promote neutrophil release, contributing for the circulating neutrophil pool. G-CSF enhances the release of neutrophils by inhibiting CXCR4/CXCL12. In physiological conditions, neutrophils in the circulating pool and in the marginated pool are in almost equivalent proportions. Neutrophils in the peripheral blood can be recruited into peripheral tissues (transmigrating pool). During inflammation, the inflammatory mediators released in peripheral tissues can act locally, inducing neutrophil recruitment into peripheral tissue; and, at distance, inducing neutrophil mobilization from the bone marrow, where the concentration of CXCR2 ligands increases, while CXCL12 expression decreases, allowing increased neutrophil migration.](ijbsv14p1343g001){#F1}

![**Neutrophil functions.** Phagocytosis: neutrophil surrounds the pathogen (bacteria, virus and fungus) engulfing it, so that it winds up enclosed in a phagosome for destruction, a process requiring ROS production and the release of serine proteases and antimicrobial peptides. Degranulation: release of neutrophil granule components, as serine proteases, myeloperoxidase and matrix metalloproteases, required for activation of inflammatory cytokines, degradation of ECM components and digestion of phagocyted pathogens. ROS production: ROS are produced by neutrophils, via NADPH oxidase; ROS scavengers with antioxidant properties are required to counteract extracellular ROS. NET release: ROS and antimicrobial peptides are associated to NET, promoting chromatin decondensation and cell rupture; DNases cleave NETs and macrophages remove NETs.](ijbsv14p1343g002){#F2}

![**Risk factors effects in CKD.** Traditional and non-traditional risk factors lead to renal damage that supports the development of chronic renal disease. The activation of neutrophils, with release of ROS and proteases, leads to oxidative stress and renal cell damage, contributing to endothelial dysfunction and to inflammation that will be further enhanced by the release of pro-inflammatory cytokines. These changes favor worsening of renal damage and the development of fibrotic alterations. Anemia, resulting from the reduced production of erythropoietin by the injured kidneys, leads to hypoxia, favoring inflammation. The inhibition of elastase, released by activated neutrophils, may be achieved by therapeutic intervention with neutrophil elastase inhibitors, preventing worsening of renal damage and, thus, the development of CKD and the associated complications. AKI: acute kidney injury; CKD: chronic kidney disease; EPO: erythropoietin; NE: neutrophil elastase; ROS: reactive oxygen species.](ijbsv14p1343g003){#F3}

###### 

Types of neutrophil granules: main components and membrane markers.

  Prymary or azurophilic   Secondary or specific   Tertiary or gelatinase   Secretory                                                                            
  ------------------------ ----------------------- ------------------------ --------------------- ------------------------ --------------------- --------------- ---------------------
  **Protein**              **Membrane marker**     **Protein**              **Membrane marker**   **Protein**              **Membrane marker**   **Protein**     **Membrane marker**
  Neutrophil elastase      CD63                    Lactoferrin              CB11b/CD18            MMPs                     CB11b/CD18            CR1             CB11b/CD18
  Proteinase 3             CD68                    NGAL                     CD67                  Lysozyme                 V-type H+-ATPase      FcgRIIIb        CD-10
  Cathepsin G              V-type H+-ATPase        hCAP-18                  CD66                  NRAMP1                                         Azurocidin      CD-13
  NSP 4                    Presenilin              Cathelicidin             CD15                  Gelatinase B (MMP-9)                           Proteinase 3    CD-14
  Azurocidin                                       Lysozyme                                       Leukolysin                                     AP              CD-16
  α-defensins                                      CRISP3                                         Arginase 1                                     Albumin         CD-35
  Myeloperoxidase                                  Pentraxin 3                                    β2-microglobulin                               Haptoglobulin   CD-45
  BP1                                              Haptoglobin                                    FicolinI                                                       NOX2
  Sialidase                                        β2-microglobulin                               Acetyltransferase                                              
  Lysozyme                                         hParanase                                      DAG deacyliting enzyme                                         
  Cathepsin C                                      AP                                             Lactoferrin                                                    
  Arginase                                         Aminopeptidase                                 hCAP-18                                                        
  Colagenase                                       Collagenenase (MMP-8)                          CRISP3                                                         
  CAP37                                            Haptoglobin                                                                                                   
  β-galactosidase                                  SLPI                                                                                                          
  β-glucoronidase                                  OLFM4                                                                                                         
  Colagenase                                       Heparinase                                                                                                    
  β-glicerofosfatase                               Histaminase                                                                                                   

AP: alkaline phosphatase; BP1: bactericidal/permeability-increasing protein 1; CAP-37: cationic antimicrobial protein 37kDa CD: cluster of differentiation; CR1: complement receptor 1;CRISP3: cysteine-rich secretory protein 3; hCAP-18: human cationic antimicrobial; DAG: Diacylglycerol deacyliting enzyme; FcγRIIIb: Fc gamma receptor IIIb; MMPs: matrix metalloproteases; NGAL: neutrophil gelatinase associated lipocain; NRAMP1: natural resistance associated macrophage protein 1, NOX: NADPH oxidase; NSP4: neutrophil serine protease 4; OLFM4: granule protein olfactomedin; SLPI: secretory leukocyte protease inhibitor.

###### 

Classification of neutrophil elastase inhibitors.

  ------------------------------------------------------------------------------------------------------------------------------
  Classification     Origin                                                      Examples
  ------------------ ----------------------------------------------------------- -----------------------------------------------
  1^st^ generation   Biological                                                  AAT (Aralast),\
                                                                                 Elafin (Tiprelestat)

  2^sd^ generation   SMOLs, suicide inhibitors                                   ONO-5046 (Sivelestat), ONO-6818 (Freselestat)

  3^rd^ generation   Modern, non-mechanism-based SMOLs                           AZD9668 (Alvestat)\*

  4^th^ generation   Modern, non-mechanism-based SMOLs                           BAY-678\*

  5^th^ generation   Pre-adaptive pharmacophores derived from 4^th^ generation   BAY 85-8501\*
  ------------------------------------------------------------------------------------------------------------------------------

(\*) Under clinical trials (Phase II).

###### 

Mode of action and therapeutic application of endogenous/biological and exogenous/biological NSPs inhibitors.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Inhibitor                                Origin                  Action                                                                    Therapeutic use                        References
  ---------------------------------------- ----------------------- ------------------------------------------------------------------------- -------------------------------------- ------------------------
  AAT                                      endogenous/biological   \- anti-oxidant and anti- protease                                        ARDS                                   [@B21]

  Elafin                                   endogenous/biological   \- lung tissue destruction protection                                     ARDS                                   [@B68], [@B69]

                                                                   \- biomarker for monitoring early development of ARDS                                                            

  SLPI                                     endogenous/biological   \- inhibition of neutrophil phagocytosis\                                 COPD, ARDS                             \[53, 66, 68,\
                                                                   - protection of tissue damage by proteolytic enzymes\                                                            70, 104\]
                                                                   - inhibition of NFkB                                                                                             

                                                                   \- regulation of granulopoiesis                                                                                  

                                                                   \- inhibitor of apoptosis of circulating neutrophils                                                             

                                                                   \- inhibition of neutrophil phagocytosis                                                                         

  SerpinB1                                 endogenous/biological   \- inhibition of apoptosis of circulating neutrophils                     CF                                     [@B53], [@B72], [@B73]

                                                                   \- inhibition of CG\                                                      inflammatory and autoimmune diseases   
                                                                   - promotion of PMN survival                                                                                      

                                                                   \- control of neutrophil expontaneous death in PR3 deficient mice                                                

  Lactoferrin                              exogenous/biological    \- inhibition of NET formation and prevention of NET spread               inflammatory and autoimmune diseases   [@B97]

  Transhinone IIA                          exogenous/biological    \- block of pro-inflammatory signals *in vivo*                                                                   [@B103]

                                                                   \- inhibition of survival signals in human neutrophils\                                                          
                                                                   - modulation of neutrophil reverse migration                                                                     

  MDSPI16 (*Musca domestica)*              exogenous/biological    \- inhibition of elastase, chymotrypsin, and microbial serine proteases                                          [@B93]

  AvCI (*Araneus ventricosus)*             exogenous/biological    \- inhibition of human NE and porcine pancreatic elastase\                                                       [@B94]
                                                                   - block potassium channel activity                                                                               

  Triterpenoids (*Ganoderma mastoporum)*   exogenous/ biological   \- inhibition of superoxide anion generation and elastase release         inflammatory diseases                  [@B96]
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AAT: alfa1-anti-tripsin; ARDS: acute respiratory distress syndrome CF: cystic fibrosis; CG: cathepsin G; COPD: chronic obstructive pulmonary disease; NE: neutrophil elastase; NET: neutrophil extracellular trap: Nf-kB: nuclear factor kappa-light-chain enhancer of activated B cells; NET: neutrophil extracellular trap; PMN: polymorphonuclear; PR3: proteinase 3; SLPI: secretory leucocyte protease inhibitor.

###### 

Mode of action and therapeutic application of exogenous/synthetic NSPs inhibitors.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Inhibitor                Origin                Action                                                                 Therapeutic use                                                                               References
  ------------------------ --------------------- ---------------------------------------------------------------------- --------------------------------------------------------------------------------------------- --------------------------
  ONO-5046 (Sivelestat)    exogenous/synthetic   \- inhibition of released and membrane bound elastase                  AATD, COPD, ARSD; CKD                                                                         [@B18], [@B82]

  ONO-6818 (Freselestat)   exogenous/synthetic   \- inhibition of released and membrane bound elastase                  ALI, SIRS                                                                                     [@B18], [@B98]

  AZD9668 (Alvestat)       exogenous/synthetic   \- reversible inhibitor with high selectivity and target specificity   ALI, lung emphysema, COPD                                                                     [@B18]

  BAY- 678                 exogenous/synthetic   \- reversible inhibitor with high selectivity and target specificity   ALI, lung emphysema                                                                           [@B18]

  BAY-85-8501              exogenous/synthetic   \- improvement in potency and inhibitory capacity for NE               anti-inflammatory in pulmonary diseases                                                       [@B76]

  4-oxo-β-lactams          exogenous/synthetic   \- selective irreversivel NE inhibitor                                 COPD                                                                                          [@B85]

  MK0339                   exogenous/synthetic   \- cell survival enhancer\                                             *ELANE*‐associated neutropenia                                                                [@B87]
                                                 - stimulator of formation of mature neutrophils                                                                                                                      

  Cinnoline derivatives    exogenous/synthetic   \- reversible competitive inhibitors of NE                             anti-inflammatory                                                                             [@B88]

  Camostat mesilate        exogenous/synthetic   \- anti-oxidant                                                        chronic pancreatitis ,\                                                                       [@B92], [@B130], [@B131]
                                                                                                                        renoprotection in patients with salt-sensitive hypertension, slows the progression of CRF,\   
                                                                                                                        improvement of CKD progression                                                                

  SB- 656933               exogenous/synthetic   \- prevention of neutrophil infiltration                               CF                                                                                            [@B99]

                                                 \- modulation of airway inflammation                                                                                                                                 

  MK-7123                  exogenous/synthetic   \- antagonist of the cytokine receptor CXCR2                           COPD                                                                                          [@B100]

  Azithromycin             exogenous/synthetic   \- inhibition of CXCL8 levels and bacterial load                       COPD                                                                                          [@B101]

  Roflumistat              exogenous/synthetic   \- inhibition of the AcPG pathway                                      COPD                                                                                          [@B102]
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AATD: alpha1-antitrypsin deficiency; AcPGP: acetylated proline-glycine-proline; ALI: acute lung injury; ARDS: acute respiratory distress syndrome; CF: Cystic fibrosis; COPD: chronic obstructive pulmonary disease; CRF: chronic renal failure; CXCL8: chemokine ligand 8: CXCR2: chemokine receptor type2; NE: neutrophil elastase; SIRS systemic inflammatory response syndrome.
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